The slow rhythmic activity that dominates the brain during sleep and anesthesia has been a fascinating topic of study since the first electroencephalographic studies of Hans Berger (1929) . The large amplitude and low frequency of anesthesia-induced activity can be recorded with a high signal-to-noise ratio and has often been used to study how different populations of neurons throughout the brain interact to generate patterns of activity.
A new oscillatory pattern was discovered by coworkers in 1993 (Steriade et al., 1993) , termed the slow oscillation given its low frequency of 0.1-0.9 Hz. The slow oscillation is characterized intracellularly in cortical and thalamic cells by regularly recurring periods of depolarization and spike firing (up-states) and periods of hyperpolarization and quiescence with very little synaptic activity (down-states). The depolarizing and hyperpolarizing cycles are correlated between cortical cells across hemispheres as well as between thalamic and cortical neurons as shown by simultaneous dual intracellular recordings in vivo (Contreras and Steriade, 1995; Steriade et al., 1993) .
During natural sleep, the slow oscillation groups the other two cardinal sleep rhythms of spindles and delta waves in a slow beating pattern (Steriade et al., 1993) observed in all mammals, including humans. The rhythm is generated intracortically as it survives removal of the thalamus in vivo (Steriade et al., 1993) and can be generated in cortical slices maintained in medium that mimics ionic concentrations observed in situ (Sanchez-Vives and McCormick, 2000) .
In this issue of Neuron, Stroh et al. (2013) combined imaging of population calcium (Ca 2+ ) fluorescent signals from cortex and thalamus with optogenetic and visual stimulation in mouse in vivo to study the mechanism and spatiotemporal properties of the slow oscillation.
The authors devised a method to record and stimulate brain activity by using an optical fiber that allows the excitation and recording of a fluorescent Ca 2+ indicator as well as stimulation of channelrhodopsin (ChR2)-expressing neurons. Furthermore, the optical fiber allows excitation and recording of calcium signals in structures deep in the brain, such as the thalamus.
To record suprathreshold activity from populations of neurons, Stroh et al. (2013) used bolus loading of the calcium fluorescent indicator Oregon Green Bapta (OGB-1) in adult mice in vivo. They injected small (1-2 mL) amounts of OGB-1 to stain a column-like region in cortex 0.5 mm in diameter and to stain small portions of visual and somatosensory thalamic nuclei.
In isoflurane-anesthetized mice, the fluorescent calcium signals showed large spontaneous population transients in the primary visual cortex recurring with a frequency of 8-30 per minute, most likely reflecting the depolarization and spike firing that characterize the up-states of the slow oscillation (Chauvette et al., 2010; Contreras and Steriade, 1995; Sanchez-Vives and McCormick, 2000; Steriade et al., 1993; Wester and Contreras, 2012) .
Visual stimulation with brief light flashes triggered population calcium transients that were of the same amplitude and duration as those occurring spontaneously, suggesting that, as recorded with voltage sensitive dyes in response to whisker stimulation (Civillico and Contreras, 2012; Ferezou et al., 2007) , up-states are generated within cortical circuits independently of their triggering mechanism.
Work in vitro (Sanchez-Vives and McCormick, 2000) and in vivo (Chauvette et al., 2010) provided evidence that the slow oscillation originates in cortical layer 5 (L5). To demonstrate causality between activation of L5 and the generation of population activity in cortex, the authors used transgenic Thy-1-ChR2 mice that express ChR2 in L5 neurons. They demonstrate that optogenetic stimulation of L5 with brief (50 ms) pulses of blue light generate population calcium transients with similar amplitude and duration as those triggered by visual stimulation or occurring spontaneously.
The authors then asked how many L5 neurons are necessary to initiate a population calcium transient? In order to activate small populations of L5 primary visual cortical neurons, they expressed ChR2 exclusively in a small region of L5 using viral transduction. Using confocal imaging, they showed that transfection was indeed limited to the targeted layer and was confined over an area of about 1 mm in diameter. The authors then activated a region of about half that diameter (0.5 mm) with blue light to stimulate approximately 200 transfected neurons. Under these conditions, 200 ms pulses of light triggered all-or-none calcium transients in more than 70% of cases. By titrating the number of transfected cells using small amounts of viral solution, they show that activation of as few as 60 L5 neurons is sufficient to initiate a calcium transient. This result demonstrates the enormous amplification power of cortical recurrent networks in L5.
To test whether supragranular layers are also capable of generating population calcium transients, the authors targeted small viral injections to layer 2/3 (L2/3). In stark contrast with L5, optogenetic stimulation of L2/3 did not generate calcium waves even at the highest laser intensity. This result highlights a fundamental difference between local circuits in supra-and infragranular layers regarding their ability to amplify local activity and recruit neighboring cortical territories. These data fully agree with voltage-sensitive dye recordings in thalamocortical slices demonstrating that the engagement of L5 but not L2/3 is critical for the generation and propagation of up-states following thalamic input (Wester and Contreras, 2012) . Whether these results are due to differences in inhibitory or recurrent excitatory circuits is not known.
Interestingly, the latency for the generation of a calcium transient using optogenetic stimulation was dependent on the duration of the laser pulse and reached over 200 ms for short pulses. However, they behaved as all-or-none events and displayed the same amplitude and duration even when triggered with light pulses as short as 3 ms. This once again demonstrates the capacity of the cortex, and particularly L5, for self-regenerative activity that strongly amplifies afferent input. Finally, population calcium transients had a refractory period (1.5 s after onset) during which a second transient could not be evoked. This is similar to the refractory period of whisker-triggered up-states measured with voltage sensitive dyes in mouse barrel cortex (Civillico and Contreras, 2012) .
Up-states have been shown to propagate in the neocortex both in vitro (Sanchez-Vives and McCormick, 2000; Wester and Contreras, 2012) and in vivo (Civillico and Contreras, 2012; Ferezou et al., 2007) within the limited spatial extent observable in the experimental preparation. Here the authors used multiple optical fibers and multiple injections of OGB-1 to measure population calcium signals from various areas in cortex and thalamus. They were thus able to demonstrate that, strikingly, the calcium transients propagate through the entire cortex and thalamus.
First, they show that spontaneous transients had a slight tendency to originate in frontal areas, consistent with observations of spontaneous slow oscillations in humans during natural sleep using EEG, as discussed in the paper, and the orderly progression of gamma oscillation phase delays from front to back using MEG (Ribary et al., 1991) . Second, they show that transients triggered in visual cortex (either optogenetically or visually) traveled through the entire cerebral cortex, reaching distant frontal regions bilaterally after 80 ms. This is consistent with previous voltage-sensitive dye imaging data in vivo of activity propagation from somatosensory to motor cortex (Ferezou et al., 2007) and further demonstrates the remarkable ability of cortical circuits to recruit neighboring areas regardless of functional boundaries.
Finally, they show that propagating calcium transients also engaged thalamic circuits. Surprisingly, this only occurred after generation and propagation of the calcium transient throughout the cortex. Thalamic calcium transients were measured 200 ms after those in visual cortex, even when triggered by visual stimulation, which obligatorily requires thalamic activation. Amazingly, the same long delay was observed when the authors stimulated the thalamus directly using the Thy-1 mouse line, which expresses ChR2 in both cortex and thalamus. This striking finding highlights the functional importance of local recurrent excitatory loops which are abundant in cortex but absent in thalamus. Thus, these results illustrate beautifully that as shown previously for sleep spindles (Contreras et al., 1996) , global thalamic population activity is largely dependent on descending corticothalamic inputs.
Such long delays in the activation of thalamic population activity seem at odds with the proposal that activity propagation in cortex requires long-range loops between cortical L5 to thalamus and back to cortex (Sherman, 2007) . However, the thalamic participation in corticothalamocortical loops may be sparse (Crunelli and Hughes, 2010) and thus have gone undetected by the methods used in this paper as the authors point out. Thus, the precise role of the thalamus for the initiation of spontaneous calcium transients and for their propagation in cortex remains to be determined.
The large amplitude, the all-or-none nature, and the widespread propagation of population calcium transients highlight the large amplification power of L5 cortical networks and demonstrate a key mechanism by which sleep and anesthesia lead to brain deafferentation and disconnection from the outside world. By setting the cortex in a state that favors recurrent activity, inputs of any amplitude, duration, or sensory modality trigger stereotyped, all-or-none activation that propagates and engages most of the cortex and thalamus, leaving behind over a second-long refractory period. In striking contrast, information processing in the waking state requires rapid and parallel processing of incoming inputs, for which activity segregation along functional and areal boundaries as well as rapid switching of activation patterns in neuronal networks is essential. Such a switch of activity pattern between one dominated by intracortical recurrent activity (sleep and anesthesia) to one dominated by afferent input (waking) is most certainly due to the action of neuromodulatory systems of brain stem and basal forebrain (Hasselmo and McGaughy, 2004) .
Why is such slow oscillatory activity, observed across cortical and thalamic populations, necessary during sleep? One intriguing possibility supported with mounting evidence is that slow oscillations are causally linked to memory consolidation and various forms of plasticity (Aton et al., 2013; Marshall et al., 2006) . Thus, the slow oscillation may create a state in which neuronal synapses and circuits activated during waking can be adjusted for learning without interference from input from the outside world.
